ABSTRACT: Polyethers constitute a well-established class of polymers covering a wide range of applications from industrial manufacturing to nanomedicine. Nevertheless, their industrial implementation is limited to short chain aliphatic polyethers such as polyethylene glycol (PEO or PEG), polypropylene glycol (PPG), or polytetramethylene glycol (PTMG) produced by the ringopening polymerization of the corresponding cyclic ethers. Herein, we report a sustainable and scalable approach for the preparation of medium and long chain aliphatic polyethers by the melt selfpolycondensation of aliphatic diols in the presence of non-eutectic acid−base mixtures as organocatalyst. These organocatalysts were prepared by forming stoichiometric and non-stoichiometric complexes of methanesulfonic acid (MSA) and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as confirmed by NMR spectroscopy and DFT calculations. The non-stoichiometric 2:1 and 3:1 MSA:TBD molar complexes showed superior thermal stability. These non-eutectic acid−base mixtures were tested in the bulk-self-condensation of 1,6-hexanediol leading to telechelic α,ω-hydroxy-poly(oxyhexane). The optimized polymerization conditions involved the use of MSA:TBD (3:1) catalyst in a three-step polycondensation process at 130−180 and 200°C, respectively. These conditions were applied to the synthesis of a wide range of aliphatic polyethers with a number of methylene units ranging from 6 to 12 units and molecular weights between 5000 and 22 000 g mol −1 . The aliphatic polyethers were highly semicrystalline with melting temperatures ranging from 55 to 85°C. The synthesis approach was extended to the preparation of value-added copolymers from different length chain diols and different functionality, giving rise to different copolymer architectures from linear copolyethers to polyether thermosets. Altogether, this straightforward polymerization strategy enables access to medium−long chain and cross-linked aliphatic polyethers using easily prepared and recyclable organocatalysts.
■ INTRODUCTION
Polyethers are an important polymer family due to their versatile syntheses, thermal and chemical stability, and multiple applications. 1, 2 Polyethers such as as polyethylene glycol (PEO or PEG), polypropylene glycol (PPG), or polytetramethylene glycol (PTMG) are nowadays used in many different applications ranging from surfactants, automotive industry, batteries, food and cosmetic industry, to nanomedicine or as a soft segment in polyurethane chemistry. 1,3−5 These polyethers are mainly produced by ring-opening polymerization of the corresponding cyclic ethers, such as oxiranes, oxetanes, or tetrahydrofuran. 6−8 However, using the aforementioned method, larger size polyethers (containing 6 or more methylene units) cannot be obtained because of the extreme stability of the cyclic ethers. In these cases, the production of longer methylene unit polyethers is achieved by polycondensation using the Williamson ether synthesis. 9 In this case, the ether linkage is generated by a nucleophilic substitution of an alkoxide on an alkylating reagent (typically a halogenated alkane). Although this method is highly efficient, chloride is generated as side product during the polymerization which may generate hydrocholic acid and detracts from the sustainable production of these polymers. Very recently, Meier et al. prepared polyethers by the reduction of polyesters in the presence of tetramethyldisiloxane and GaBr 3 catalyst in a more sustainable process, but this process requires previous preparation of the analogous polyester. 10 An old but not as explored route to produce polyethers is the acid-catalyzed selfcondensation of alcohols resulting in an ether bond. In the 1950s, Rhoad and Flory pioneered the self-condensation of 1,10-decanediol in the presence of sulfamic or sulfuric acids at elevated temperature (300°C) in bulk polymerization conditions. 11 Almost 20 years later, Kobayashi et al. used the same method to synthesize linear poly(oxyalkylenes) in the presence of H 2 SO 4 and (C 2 H 5 ) 2 O·BF 3 . 12 As this reaction is reversible, care has to be taken when ethers are used under strong acidic conditions. Although the self-condensation process in bulk is a simple and environmentally friendly polymerization method, it presents a setback, since some acids are highly volatile and can be decomposed during the polymerization process due to the harsh polymerization conditions. In 2011, Fradet et al. minimized these drawbacks using Brønsted acid ionic liquids as solvent and catalysts which allowed the reactions to be carried out at lower temperatures (130°C). 13 Brønsted acid ionic liquids combine the catalytic activity of a Brønsted acid with the high thermal stability and low vapor pressure of ionic liquids. However, the ones employed by Fradet have prohibitive price and the side reactions occurring during the polymerization limited their potential. A cost-effective alternative to Brønsted acid ionic liquids are protic ionic liquids/salts which can be prepared through the simple proton transfer from a Brønsted acid to a Brønsted base. These protic ionic compounds have been shown to be suitable alternatives to classic organometallic catalysts. They smartly combine the excellent catalytic ability of organocatalysts with the thermal stability of ionic liquids, resisting degradation up to >400°C.
14 Thus, Flores et al. demonstrated that the protic ionic salt 1,8-diazabicyclo [5.4 .0]-undec-7-ene:benzoic acid (DBU:BA) was a competitive catalyst for PET synthesis showing good stability and catalytic activity even at elevated temperatures up to >250°C. 15 Similarly, equimolar mixtures of 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) and methanesulfonic acid (MSA) proved to be an efficient and extremely thermally stable catalyst in the depolymerization of PET being even able to be recycled several times.
14 One of the key features of protic ionic compounds is their ability to form stable complexes even using nonequimolar mixtures by H-bonding interaction between the acid and the base preparing the non-eutectic acid−base mixtures. Taking advantage of this unique characteristic, del Monte et al. prepared different nonequimolar mixtures of methanesulfonic acid (MSA) and the 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) for the ring-opening polymerization (ROP) of ε-caprolactone. 16 In this work, we benefited from the versatility and easy synthesis of acid−base mixtures for investigating the melt polymerization of polyethers by self-condensation of diols. First, different equimolar and nonequimolar mixtures of MSA and TBD were prepared leading to protic ionic salt (1:1 mixtures) and different non-eutectic acid−base mixtuters which were characterized extensively. This catalyst system was investigated as it has shown some potential to work at elevated temperatures without suffering any degradation. The protic ionic salt and the non-eutectic acid−base organocatalysts were used in a second step for investigating the polyetherification of 1,6-hexanediol. We found that some noneutectic acid−base organocatalysts were highly efficient for the polymerization process and also thermally stable, which allowed the recovery and subsequent recycling of the catalyst. This synthetic strategy was extended to seven other long chain diols which yielded semicrystalline aliphatic polyethers whose crystalline structure was also determined. To finish, we expanded the frontiers of this work by copolymerizing different long chain diols and functionality resulting in both linear and cross-linked copolyethers.
■ EXPERIMENTAL SECTION Materials. 1,12-Dodecanediol (99%, Sigma-Aldrich), 1,11-undecanediol (98%, ABCR), 1,10-decanediol (98%, Sigma-Aldrich), 1,9-nonanediol (98%, Sigma-Aldrich), 1,8-octanediol (98%, SigmaAldrich), 1,7-heptanediol (95%, Sigma-Aldrich), 1,6-hexanediol (99% Sigma-Aldrich), 1,5-pentanediol (96% Sigma-Aldrich), and 1,4-butanediol (99% Sigma-Aldrich) were used as received after being dried in toluene. Thermogravimetric Analyses (TGA). Thermogravimetric analyses (TGA) were carried out using a Q500 Thermogravimetric Analyzer from TA Instruments. Samples were heated from room temperature to 600°C at a rate of 10°C/min under a constant N 2 flow.
Density Functional Theory (DFT). The electronic structure calculations were carried out using the Gaussian 09 suite of programs. 17 Geometry optimization was performed using the ωB97XD functional with the 6-31+G(d,p) basis set. Vibrational frequencies were calculated at the same level of theory to ensure that the optimized structures were minima in the potential energy surface (no imaginery frequencies) and to determine the zero-point vibrational energy (ZPVE) and the thermal vibrational corrections at T = 298 K. Single-point energy calculations were performed at the ωB97XD/6-311++ G(2df,2p) level of theory in order to refine the electronic energy.
Pulsed Field Gradient NMR (PFG-NMR). Pulsed field gradient NMR (PFG-NMR) measurements were performed on a 500 MHz standard-bore Bruker Avance III solution-state NMR spectrometer. The sample was packed in a 5 mm Schott E NMR tube to a height of 5 cm. Pulse gradient stimulated echo (PGSTE) was used for diffusion measurements. The gradient pulse duration was 10 ms, diffusion time was 50 ms, and gradient strength was varied between 0.5 and 100
Gaussian/m in a log scale to have the full NMR signal attenuation. Recycle delay was 2 s.
Bulk Self-Condensation of 1,6-Hexanediol Using the Catalyst Mixtures. The different MSA:TBD complexes were tested in the self-condensation of 1,6-hexanediol. For that 0.05 equiv (5 mol %, 7.45 × 10 −4 mol) of previously prepared protic ionic salt and noneutectic acid−base organocatalysts were mixed with 1.76 g (0.015 mol) of 1,6-hexanediol in a 25 mL Schlenk tube with a magnetic stirrer. The sealed reaction vessel was submerged into a preheated oil bath at 180°C (72 h) under vacuum. The reaction was stopped by rapid cooling in liquid nitrogen. For purification, the samples were dissolved in chloroform and precipitated in cold methanol. The resulted polyethers were filtrated and dried under vacuum at RT for 24 h before characterization.
Synthesis of ∼200 g of polyether was carried out in a 500 mL reactor using an electrical stirrer. For that 200 g of 1,6-hexanediol (1.692 mol) was mixed with 0.05 equiv (5 mol %) of previously prepared non-eutectic acid−base organocatalyst 3:1 (0.084 mol, 36.179 g). The reactor was submerged into a preheated oil bath at 130 (24 h), 180 (24 h), and 200°C (24 h) under vacuum. The reaction was stopped by rapid cooling in liquid nitrogen.
Catalyst Recycling. The reaction was carried out mixing 0.05 equiv (5 mol %, 7.45 × 10 −4 mol, 0.318 g) of the non-eutectic MSA:TBD 3:1 with 1.760 g (0.015 mol) of 1,6-hexanediol in bulk. After performing the polymerization the polymer−catalyst mixture was dissolved in chloroform and precipitated in cold methanol where all of the polymer was precipitated. The catalyst containing filtrate was concentrated and recrystrallized from cold hexane to afford the initial catalyst (which was verified by 1 H NMR) (93% yield). The catalyst was reused again to confirm its potential to be recycled.
Bulk Self-Condensation of Different Aliphatic Diols. The self-condensation of the diols was accomplished using as catalyst the non-eutectic acid−base mixtures formed by the molar mixture of For purification, the samples were dissolved in chloroform and precipitated in cold methanol. The resulted polyethers were filtrated and dried under vacuum at RT for 24 h before characterization.
Bulk Self-Condensation Copolymerization of 1,6-Hexanediol/1,12-Dodecanediol and 1,6-Hexanediol/Glycerol. Copolymers were synthesized by self-condensation of the respective monomers: 1,6-hexanediol, 1,12-dodecanediol, and glycerol. For that 0.05 equiv (5 mol %) of the non-eutectic acid−base mixture MSA:TBD 3:1 was prepared as it was previously described. After that a mixture of monomers containing 1,6-hexanediol/1,12-dodecanediol 50/50 (1.48 g, 0.012 mol/2.534 g, 0.012 mol) and 1,6-hexanediol/ glycerol 50/50 (1.48 g, 0.012 mol/1.153 g, 0.012 mol) was added to the reaction vessel. Then the sealed reaction vessel was submerged into a preheated oil bath at 130 (24 h), 180 (24 h), and 200°C (24 h) under vacuum. The reaction was stopped by cooling at room temperature. For purification, the copolyether 1,6-hexanediol-co-1,12-dodecanediol was dissolved in chloroform and precipitated in cold methanol. Then the sample was filtrated and dried under vacuum at RT for 24 h before characterization. The copolyether 1,6-hexanediolco-glycerol was washed with chloroform. 
■ RESULTS AND DISCUSSION
Characterization of the Acid−Base Organocatalysts Based on MSA and TBD. First, MSA-and TBD-based organocatalysts were prepared in different molar ratios such as 3:1, 2:1, and 1:1 by simple mixing at 90°C for 30 min until obtaining a transparent and homogeneous organocatalyst. In order to confirm the formation of the acid−base organocatalysts the resulting mixtures were characterized by 1 H NMR spectroscopy in DMSO, while their thermal degradation was investigated with TGA. 14, 16 The recorded spectra for pure TBD and MSA show the characteristic N−H proton signal of TBD at δ = 5.81 ppm and signal of MSA acid at δ = 14.16 ppm. In contrast, for the (1:1) mixture, these two signals disappear and a new one integrating for 2 protons appears at δ = 7.71 ppm, which demonstrates the formation of the non-eutectic acid−base mixtures by a proton transfer from MSA to TBD (Figure 1b ). In the case of nonequimolar mixtures together with this band at 7.71 ppm we found the peak of the acid proton which was shifted to lower values (13.0 and 13. − salt exists, where the dwelling time of each proton state is on the order of hundreds of milliseconds at −10°C and is highly dependent on the temperature.
As shown in Figure S2 , an increase of temperature from −10 to 100°C leads to a significant line broadening at first, then a gradual merging of both lines into a single broad line, and finally a narrowing of the single line. The variation of the proton line widths and positions with temperature is a typical feature and consequence of a chemical exchange process between two proton spieces and has been observed in many ionic liquids and other systems. 18, 19 It is worth mentioning that, at 40°C and above, the two proton peaks merged into a single peak, indicating that at the NMR observation time scale of tens of milliseconds the proton exchange is fast enough to average out the environmental differences and the acid so that the N−H protons are equivalent. In order to get better insights into the molecular structures of MSA:TBD (2:1 and 3:1), both complexes have been investigated by means of quantum chemical calculations using thr ωB97XD/6-311++G(2df,2p) method, and the resulting stable complexes are presented in Figure 1c . Through these calculations we found that in the case of 2:1 complex, not only does one of the acidic protons of MSA 1 completely transfer to the basic nitrogen of TBD, thereby forming a hydrogen bond between the N−H moiety of TBD and one of the oxygens of the sulfonyl group of MSA 1 , but also that the acidic proton of MSA 2 forms a hydrogen bond with the sulfonyl group of MSA 1 . These observations support the chemical shift of 1′ (corresponding to the acidic proton of MSA) in the 1 H NMR spectra and occurs thanks to the dual character (nucleophilic and electrophilic) of organic acids. 20 Similar results were obtained for the 3:1 non-eutectic acid− base complex, as MSA 3 is also linked to the complex through the transfer of its acidic proton to MSA 2 . To further confirm the complex formation, the thermal-degradation profiles were studied by TGA (Figure 1d) . While TBD and MSA present a relatively low degradation temperature, with 50% of the mass lost before 180°C for both molecules (T 50% = 170°C for TBD and T 50% = 174°C for MSA), samples 2:1 and 3:1 show a twostep degradation profile at higher temperatures. A first deterioration of the catalysts occurs after 200°C, losing 25% of the weight for 2:1 and 45% for 3:1. Those losses could correspond to the release of one and two molecules of MSA, respectively, for 2:1 and 3:1. Therefore, the second degradation event corresponds to the already reported decomposition of MSA:TBD 1:1 with T 50% = 438°C ( Figures  S23−S25) . 14 These results revealed that the mixtures 3:1 and 2:1 were better at resisting temperature than MSA or TBD as individual components, which is in good agreement with the high dissociation energies encountered using DFT calculations of the non-eutectic acid−base mixtures.
Catalytic Activity Testing and Optimization of the Self-Condensation Temperature Using 1,6-Hexanediol. The different MSA:TBD organocatalysts were tested in polyetherification of 1,6-hexanediol using 0.05 equiv of organocatalyst at 180°C under solvent-free conditions ( Figure  2a , Table 1 ). The polymerizations were monitored using 1 H NMR by the diagnostic disappearance of 1,6-hexanediol hydroxyl methylene protons (red signal at δ 3.65 ppm, adjacent to the alcohol) and their subsequent reappearance at δ 3.33 ppm due to ether formation (gray signal) (Figure 2c) .
As the molecular weights were relatively low they were determined by NMR in order to compare all of the samples as some of the samples were out of the detection limit of the SEC equipment. To do so the polyether was end capped with phenyl isocyanate not only to identify better the end groups and to determine the molecular weight by NMR but also to confirm the presence of linear structures. As expected, the proton adjacent to the capped alcohol shifted to higher ppm, ensuring the presence of alcohol end groups and ensuring not any overlapping with internal ether groups which facilitates the molecular weight measurements (SI). The reaction was found to be dramatically catalyst dependent (Figure 2d ). As expected, when pristine TBD alone was used no monomer conversion was observed (entry 1). Meanwhile, when using pure MSA as catalyst the monomer conversion was 46 mol % after 72 h (entry 2). This result confirms the catalytic activity of organic acids to mediate the self-condensation of alcohols. Nevertheless, in the presence of MSA the polymerization turned a brownish color. We believe that the harsh conditions required for the polymerization reaction leads to degradation of the MSA catalyst, thereby preventing its catalytic action as demonstrated by Jehanno et al. in a similar study. 14 Conversely, non-eutectic acid−base mixtures containing excess MSA 2:1 and 3:1 showed very efficient catalytic activity, and monomer conversions above 95% were obtained resulting in polyether of 5200 and 4500 g mol −1 , respectively (entries 3 and 4). Surprisingly, the obtained polymers were completely white, suggesting that these two catalysts were not degrading the polymerization process. In order to confirm the importance of acid excess in the polymerization two control experiments were run with an excess of TBD (MSA:TBD ratios of 1:2 and 1:3, respectively, entries 6 and 7). We observed much lower monomer conversion (less than 20%) as this reaction is known to be acid catalyzed.
In order to achieve high molecular weight the influence of the temperature on the polymerization reaction was investigated. After screening different polymerization temperatures (entries 3, 8, and 9), we found that the highest molecular weights were obtained via polymerizing the 1,6-hexanediol at 180°C (M n = 5200 g mol
), while using lower temperatures, i.e., 150 and 130°C, the attained molecular weights were substantially lower (2400 and 1300 g mol −1 , respectively). Nevertheless, we found that when running the polymerization at 180°C the associated yield was lower in comparison to 150 and 130°C due to approaching the boiling point of the monomer at the early hours of the polymerization process. In order to avoid monomer evaporation while polymerization was occurring, the polymerization was undertaken in various steps, mimicking the strategy used in other polycondensation processes such as PET or polycarbonates. 3 Thus, the same reaction was carried out first at 130°C for 24 h, after which the temperature was raised to 180°C for 48 h. In this particular case, besides not observing any monomer evaporation during polymerization, a higher molecular weight polyether (7000 g mol ) while maintaining high polymerization yields. Herein, the gradual increase of the temperature from 130 to 200°C enables us to avoid the losses of monomer achieving higher yields and molecular weights (Figure 2e ). Further increase of temperature and time did not significantly alter the molecular weights or the polymerization yields. After screening several polymerization conditions it was found that the best results in terms of molecular weight and conversions were obtained via a multistep polymerization process (the first one at 130°C for 24 h, a second one at 180°C for 24 h, and a third one at 200°C for 24 h) in the presence of 5 mol % of MSA:TBD 3:1 catalyst. In order to make the process even more sustainable, we intended to recycle the organocatalyst from the polymer and reused it in another polymerization. The catalyst was recovered near quantitatively from the polymer mixture during the purification process (90%). To recover the catalyst, the polymer−catalyst mixture was dissolved in chloroform and precipitated in cold methanol where all of the polymer was precipitated. The catalyst containing filtrate was concentrated and recrystrallized from hexane to afford the initial catalyst (which was verified by 1 H NMR). The catalyst was reused again (entry 12), confirming its potential to be recovered as the obtained polymer has similar molecular weights as using freshly prepared catalysts (entry 11). Interestingly, the reaction could be performed in 200 g scale without suffering any color change and similar yield and molecular weights due to the high stability of the organocatalyst as shown in the picture of the polyether obtained in Figure 2b .
Synthesis of Aliphatic Polyethers with Different Number of Methylene Units. In order to expand the polymerization scope, these non-eutectic acid−base catalysts were investigated for the homopolymerization of a series of aliphatic diols with various numbers of methylene units. For this purpose, we investigated the homopolymerization of 8 different diols to synthesize the corresponding polyethers. Thus, 1,4-butanediol, 1,5-pentanediol, 1,7-heptanediol, 1,8-octanediol, 1,9-nonanediol, 1,10-decanediol, 1,11-undecanediol, and 1,12-dodecanediol were polymerized under the optimized conditions previously described for 1,6-hexanediol (Scheme 1).
The polymerizations of diols having methylene units from 6 to 12 were confirmed using 1 H NMR and SEC (SI section). The 1 H NMR results were similar for all of the polyethers, obtaining high conversion in all cases. Regarding SEC results, the polyethers had molecular weights between 5000 to 22 000 g mol −1 and the dispersity values obtained were between 1.9 and 2.5, values that are slightly high for polycondensation reactions.
Although all polymerizations were similar, there is a discrete trend between the number of the methylene units and the molecular weight. The polymerization was not successful in the cases of 1,4-butanediol and 1,5-pentanediol. The 1 H NMR spectra obtained from the self-condensation of 1,5-pentanediol revealed that no signal attributed to the ending group expected at 3.65 ppm was observed, and only the signal of the protons attributed to the signal adjacent to the ether bound was observed ( Figure S7 ). This event suggests that cyclic ethers were obtained instead of linear polymers as it was also reported by Fadret et al. This fact could be associated with the ability of small diols to promote intramolecular etherification, giving rise to highly stable 5-and 6-membered cyclic ethers which were removed by the high-vacuum conditions instead of the polyetherification reaction. 13 As previously indicated, the molecular weight decreased with the number of methylene units in the repeating unit. We believe that this fact could be attributed to the higher viscosity of the systems as the number of methylene units increases which limited the diffusion of the water and decreases the molecular weight. This has been recently reported in the polycondensation polymerizations of aliphatic polycarbonates. 3 To exclude the possible cycle formation, MALDI-TOF analysis were performed and only a telechelic polymer end capped with alcohol linear species were detected separated by 100 g mol −1 (molecular weight of the poly(oxyhexamethylene) repeating unit), attesting to the presence of linear species (SI).
The thermal characteristics of the different aliphatic polyethers were measured by DSC (Figure 3a) . From DSC curves, the melting (T m ) and crystallization temperatures (T c , SI) were determined for all samples. At first glance, the results revealed that all polyethers were semicrystalline, showing T m values between 54 and 85°C. All thermal transitions are a function of the number of methylene units along the chain. As the aliphatic chain increases in length (i.e., the number of CH 2 units increases in the chains), the first-order thermal transitions of crystallization and melting increase in temperature. At the same time, the latent heats of enthalpy and fusion also increase slightly with the number of methylenic units along the repeating unit of the polyether chains. On the other hand, due to the high degree of crystallinity in these aliphatic polyethers T g determinations by DSC were not possible.
The crystal structure of the prepared polyethers was examined by WAXS performed at the synchrotron with a wavelength of 1.0 Å. X-ray diffraction measurements showed that polyethers with 6 and 8 methylene units have a different crystal structure in comparison to polyethers with 7, 9, 10, 11, and 12 methylene units (Figure 3b ). On the polyether series with 6 and 8 methylene units very strong (020) and strong (110) reflections are observed at 2θ values of 13.1°and 16°, respectively, which correspond to monoclinic unit cells, similar to those reported for polytetrahydrofuran. 12 For polyethers with 9−12 methylene units, the crystalline structure is completely different and the reflections associated with the (110) and (200) planes appeared at 2θ values of 14.3°and 16°, respectively, which are closely similar to those reported for the orthorhombic polyethylene unit cell. In the case of poly(1,7-heptanediol) the crystalline form is not related to either of these previous two structures; however, its lateral molecular arrangement is quite similar to orthorhombic polyethylene. Table 2 shows the diffraction spacings (d) calculated according to Bragg's Law. These results are consistent with the crystalline structures reported for polyethers with identical chemical structures but synthesized by different methods. 12 Synthesis of Aliphatic Copolyethers and Polyether Thermosets. In order to broaden the described strategy, copolymerization between different diols was also considered. The synthesis of random copolymers is a good way to modulate the properties and the architecture of homopolymers through selecting functional monomers or varying the copolymer composition. 21, 22 Thus, diols with different lengths (1,6-hexanediol and 1,12-dodecanediol) were copolymerized in a 50/50 molar ratio, and 1,6-hexanediol was also copolymerized with an alcohol with multiple functionality such as glycerol.The copolyethers were synthesized under the previously reported conditions. The copolymer 1,6/1,12 was purified and characterized by 1 H NMR spectroscopy (Figure 4b ).The polyether formation was confirmed following the appearance of the signal 1 at 3.40 ppm attributed to the ether linkage (−CH 2 −O−CH 2 −). The molar composition of the copolyether was determined by 1 H NMR according to the equation presented in the SI. We found that the copolymer composition of 1,6-hexanediol/1,12-dodecanediol resulted in 40/60 mol %. This composition differed slightly from the initial feed probably due to partial evaporation of 1,6-hexanediol during the copolymerization. The copolymer was also characterized by 13 C NMR spectroscopy, and the presence of dyads in the copolymer chain was observed (SI). The molecular weight and dispersities of the copolymer determined by SEC analysis were similar to those of the homopolymers 9800 g mol −1 with a Đ of 2.3. When 1,6-hexanediol was copolymerized with glycerol a cross-linked unsoluble polymer was obtained. Due to the three hydroxy groups of glycerol and the high % of glycerol used in feed polyether thermosets were obtained in this case. In order to confirm the polyether formation FT-IR spectra of the resulting unsoluble polymer were acquired (SI). The broad peak around 3000 cm −1 , attributed to the − OH stretching from the hydroxyl group, significantly reduced its intensity, whereas a new band characteristic to the C−O−C stretching vibration at 1050 cm −1 appreared, confirming the formation of ether bonds.
The gel formation was confirmed by frequency sweep experiments in compression mode. As observed in Figure 4c , the material shows a predominant elastic behavior (G′ > G′′) with an elastic modulus value G′ ≈ 106 Pa. In addition, both G′ and G′′ values were independent of frequency, as they correspond to chemically cross-linked networks. This crosslinked polyether is represented in Figure 4a .
■ CONCLUSION
Here we report a bulk polycondensation method at relatively high temperature and using simple and recyclable organocatalysts for production of aliphatic polyethers of a medium and large number of methylene units. The molecular structure of the non-eutectic acid−base complexes formed between the nonequimolar mixtures of MSA:TBD was characterized using 1 H NMR, confirming the presence of a unique compound. This fact was confirmed using DFT calculations. Furthermore, under optimized conditions a series of polyethers with different molecular weights from diols with 6−12 methylene units was polymerized using the non-eutectic acid−base mixture MSA:TBD 3:1. Semicrystalline polyethers with molecular weights between 5000 and 22 000 g mol −1 were obtained. The polyethers showed melting temperatures between 55 and 85°C which increased number of methylene units. Two types of crystal structures were found: the monoclinic polytetrahydrofuran type (for 6 and 8 methylene units) and the orthorhombic polyethylene type (for 7, 9, 10, 11, and 12 methylene units). Moreover, we expanded the self-condensation for the preparation of value-added copolymers from different length chain diols and different functionality, giving rise to different copolymer architectures from linear copolyethers to polyether thermosets. This economic and sustainable synthesis strategy reveals a potential green approach to produce polyethers, copolyethers, and thermosets, which can be applied from low-temperature thermosets to new soft segments for polyurethane chemistry. 
